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ABSTRACT

The new-infrared Oy(a'A,)airglow emission from the Venus mesopause (~ 100 km) is sur-
prisingly intense and variable. Spectroscopic observations acquired in 1975 indicated day
and nightside emission rates of 1.5 and 1.2 Mcga-Rayleigh (1 MR == 1012 photons cm’s’!
into 47r steradians). The observed airglow intensities arc puzzling because they indicate that
more than half of the atomic oxygen that is produced through the photolysis of CO2 on the
day side of Venus must recombine to produce 0,in the excited (¢'A,) state. Existing labo-
ratory measurements indicate that this reaction should have quantum efficiencies no larger
than a few percent. More recent observations revea cven larger O2 (a’ A,) airglow intensities
(>5MR) as well as dramatic spatial and temporal variations in this airglow. High reso-
lution (0.3 cm? ) spectra of the Venus night side obt ained with the Canada France Hawaii
Telescope Fourier Transform Spectrometer in 1991 confirm that Oz (a' Ag) intensities greater
than 1 MR arc common and indicate rotational temperatures of 18646 K in the emitting
layer. Spectral image cubes taken with the Anglo-Australian Telescope/InfralRed Imaging
Spectrometer and the Canada France Hawaii Telescope Imaging Fourier Transform Spec-
trometer during 1991, 1993, and 1994 provide a more complete description of the spatial and
temporal variability in this emission. Images extracted at wavelengths within the Oy(a'Ag)
Q-branch (1 .269 un)often show contrasts larger than 10 to 1 across the night side. Even
though the disk-averaged intensity is comparable to that seenin 1975, some localized regions
arc more than five times as bright. The brightest emission is often ¢on fined to 1000-2000 km
diameter spots at low latitudes, at local times between midnight and 3 AM. The intensity
of these spots can change by 20% in less than1 hour, and they can vanish entirely in less
than onc day. These observations arc being used to derive a more complete description of
the chemistry and dynamics of the upper mesosphere of Venus.

1 Introduction

Ground-based spectroscopic observations of Venus acquired in 1975 revealed intense 1.27 pm
Oz(a’ A,) airglow emission from both the day and night sides of the planet. Connes et al.
[1979] used the Fourier Transform Spectrometer (F71'S) on the Palomar 5-m Hale telescope to
take high-resolution (A/AX ~ 400,000) spect raof Jarge (5 x 10 alc-second) regions of the 20
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arc-second (*) disk. Averages of spectra taken during 6 nights in November and December
indicated dayside and nightside emission rates of 1.5 4 0.3 and 1.2 ().3 MR. These large
intensitics were surprising, because they indicated that the ncar-infrared airglow was about
1000 times brighter than the visible O, airglow detccted by the Venera 9 and 10 probes
[Krasnopol sky 1983]. Conneset al. concluded that this necar-infrared airglow was primarily
a consequence of the recombination of atomic oxygen i hat is produced by the UV photolysis
of CO20n the day side of Venus. The direct 2-body recombination of oxygen atoms is
spin forbidden, but O- O bonds can be formed by 3-body and catalytic reactions (Table 1)
that arc sufficiently cxothermic to produce O, in the excited (0'4,) state. The airglow is
then produced (within ~ 3800 s) when each molecule emits a photon at wavelengths near
1.27 pun and returns to its ground state [Krasnopol sky 1983]. Atinospheric chemistry modcls
indicate that the majority of this airglow is produced in the UPPCr inesosphere and lower
thermosphere of Venus (~ 90-115 km), because collisional quenching dominates radiative
de-excitation at lower altitudes [ Connes et al. 1979; Yung and D cinorel 982; Bougher and
Borucki 1994]. The similarity of the measured day and nightside intensities suggested that,
unlike in the atinospheres of Earth and Mars, ozone photolysis plays a relatively minor role
in the production of the Oz(a’A,) airglow, ,since this mechanisin works only on the day
side. The brightness of the nightside emission, and the relatively short lifetime of atomic
oxygen at these levels (~ 1 day at 90 km) were interpreted as evidence for rapid transport,
from the day to the night sides of the planet {Connes et al. 1979], These conclusions have
been reinforced by Pioneer Venus observations [Seiff et al. 1980, 7aylor et al. 1980] and
by chemical and dynamical models of the Venus atmosphere [cf. Yung and Demore, 1982;
Bougher and Borucki 1994].

The near-i]lfrarcd 0,airglow intensities recorded by Connes ¢t al. arc still puzzling, how-
ever, because they imnply globally-integrated Oy(a' A,) production rates comparable to the
CO2 photo-dissociation rates in the Venus atmospher ¢, Yung and Demore [1982] assumed
Oz(a'A,) quantum yields near 66% in their model, and derived airglow intensities only about
half as large as those observed. Recent laboratory measurements of Oz(a‘Ag) production
rates have only added to this apparent deficit because t hey indicate 0,(a'A,)quantum yields
of on] y afew percent for the reactions listed in Table 1 [Leu et al. 1987]. These results have
both raised doubts about the accuracy of the calibration of the observed intensities [Yung
and Demore 1982; Leuet al. 1987] and motivated scarches for other chemical mechanisms
to produce this airglow. For example, Leu et al.[1987] proposed that the photolysis of S0,
could provide an adequate source of atomic oxygen if the nominalmesospheric SOz mixing
ratios (assumed to be~ 0.1 ppm) were enhanced by al »out a factor of 100 at the tiine Connes
ct al. made their measurements. This hypothesis could not be tested directly, because the
first measurements of SO,in the Venus atmosphere were not mmade until several years after
the O, airglow was observed [sarker 1 979].

To address thesc issues, and provide improved constraints on the chemistry and dynamics of
this part of the Venus atmosphere, we acquired new near-infrared imaging and spectroscopic
observations of Venus in 1990, 19!31, 1993, and 1994. These observations not only confirmed
that disk-averaged O2(a'A,) intensities exceeding 1 MR arc common|[Meadows, 1994], they
also revealed dramatic spatial and temporal variations in the airglow on the night side of



‘Jable 1. Photodissociation and Recombinant ion Reactions for Oy(a’' A,)

Photodissociation Reaction:

CO4i-}11U -» CO + 0

Recombination Reactions:[!,2)

O+ O4M + 0Oy4M-+419¢V
Cl+ 03— ClO + Oy(a’A,) + 0.69¢V
O-t CIO = CI-t Og(a'Ay)+ 1.41 cV
H 0,4+ O — OH -t Oz(a’A,) + 1.31 eV

[11 Rothman (1 982). [2] National Iustitute of Standards and Technology (NIST), Standard Reference
Database 25, “Structure and Properties version 2.02", January 1994.

Venus [Crisp ct a. 1991; Allen ctal. 1992]. The backg round airglow intensities on the night
side vary from almost zero to values like those recorded by Corincset a ;1 979], but some
isolated regions arc about 5 times as bright. The brightest regions arc often located at low
latitudes just to the west of the anti-solar point (downwind, assuming retrograde zonal flow)
or on the limb. These bright. regions have lifetimes of about one day. A complete description
of these observations is included in section 2.

To derive 0,(a'A,) production rates from the observed airglow intensitics, the observations
must be corrected for viewing-angle effects and reflection from the underlying sulfuric acid
cloud tops. To avoid confusion between the observed intensities and inferred O, production
rates, wc have expressed the observed airglow radiances in S1 units (inWm™sr™1 ). For
reference, Connesel a. [1979) reported observed intensities for the day and night sides of
Venus as 4.3 and 3.4 MR. These intensities correspond to 0.54 and 0.43 mW m™2sr~!. The
factors needed to obtain 0,emission rates from the observed radiances arc derived in section
3.1. The inferred emission rates arc then in MR to facilitate comnparisons with earlier work.

The physical and chemical Proceﬁses that arc responsible for the observed spatial and tem-
poral variations in the Oz2(a A,)airglow arc not yet understood, but these observations
should eventually provide additional insight into the chemistry and dynamics of the upper
atmosphere of Venus. For example, the dynamics at these levels are thought to be charac-
terized by the superposition of a sub-solar to anti-solar (SSAS) flow and a weaker zonal flow
[Dickinson and Ridley, 1977; Shah etal. 1991; Goldstein et al. :1991; LcllouclL et al. 1994;
Bougher and Borucki 1 994]. The brightest- regions of' 02 airglow on the night side might be
associated with the locations of maximum subsidence since thesc regions have the largest
atomic oxygensuppl y rates from the day side [Crisp et al. 1991; Allen et al. 10021 The
observed local time of these bright regions would t}ien provide constraints on the relative




strengths of the SSAS and zonal components of the ci culation [Bougher and Borucki 1994].
The observed variability might be associated with gravity-wave-induced turbulence at these
atitudes, like that proposed by Alexander [1992], or the availability of trace constituents
that arc essential to the production of O2 @A,), or other processes. These possibilities are
explored in greater detail in Section 4.

2 New Oq(a'A,) Airglow Observations

New obscrvations of the1.27pum 0,airglow from the day and night sides of Venus were
collected from ground-based observatories in Hawaii and Australi a before and/or after the
Venus inferior conjunctions in January 1990, August 1991, April1993, and November 1994.
This section summarizes the principal results from these observing programs, and compares
these results to those reported by Conneset al. [1979] and those collected by the Galileo Near
infrared Mapping Spectrometer (NIMS) during the 10 February 1990 Venus flyby [Drossart
etal. 19031 We focus our discussion on the airglow emission from the night side of the planet
because the daysidc airglow is much more difficult to discriminate from the reflected sunlight,
and because the mechanisms that produce the nightside airglow arc less well understood.

2.1 February 1990 AAT/FIGS observations:

Ground-based spectroscopic observations of the Venus night side were obtained with the
Fabry-1'trot, Infrared Grating Spectrometer (FIGS) at the Anglo-Australian Telescope (AAT)
on 10 February 1990, just before the Galileo Venus Encounter [A llen 1990; Crisp et al. 1991].
The AAT/FIGS spectra have low to moderate spectral resolution (A/AX~ 600 to 1280),
but highspatial resolution (1 .4” aperture on a 49" disk). A low-resolution spectrum taken
near the sub-Earth point on February 10 revealed aweak 1.269 pm 02 (a'A,) airglow feature
superimposed on a broader, clecp-atmosphere thermal emission window, centered near 1.28
jan ([Crisp et al. 1991}; Figure 1). The Galileo NIMS cxperiment detected somewhat
brighter O2 emission in an isolated region of the night side at about.39 S latitude on the
same day [Drossartet al, 1993]. A modecrate-resolution AAT /FIGS nightside spectrum taken
on13February more clearly discriminated the Oz(a'A,) from the clowp-atmosphere thermal
emission feature (Figure 2). The spectrally-integrated intensity of the Oz Q-branch was
~ 0.18 mWm~2gsr~!. The Q-branch accounts for ~ 60% of the total band strength (in local
thermodynamic equilibrium). These results therefore indicate bal]cl-integrated (P-, Q-, and
R-branch) intensities near 0.3 mW m~2sr™ . The intensity of the 0,emission detected in the
low-resolution FIGS spectrum from 10 February was very difficult to determine directly, but
comparisons with a smoothed version of the 13 February ¥1G S spectrum indicates similar
emission rates (Figure 1).
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Figure 1: Low- resolution (A/AX ~ 600) spectrum of the Venus night side taken with
AAT/F1GSon 10 February, 1990 (solid ling). The emission maximum centered at 1.277.m
is aspectral window that alows thermal radiation toescape from altitudes between15 and
25 km. The Q-branch of the O2(a’ A,) airglow band appears as a small bump on the shoul-
der of this window at 1.269pm. The dashed line shows a version of the moderate-resolution
(A AX~1280) AAT/FIGS spectrum from 13 Fcbruary, 1990 that has been smoothed and
scaled to match the 10 February spectrum at the peak of the1.277;un thermal emission
window. This comparison indicates that the Oz airglow intensities were comparable in these
two spectra.

[a



AAT /FIGS:
] I T
0,

0.20 /\

0.15

13 Feb 1990

T T T T T T T T T

0.25 ’ ! ‘

Thermal Emission

Radiance (W/rm " /sr/um)

0.05

L 1 ] L I ! L 1 L l 1 1 1 ] ' ] 1 ! 1 I 1 1 1 1

1,260 1.265 1.270 1.275 1,280
Wavelength (um)

Figure 2: Moderate resolution (A\/AX ~ 1280) spectrum of the Venus night side taken with
AAT/FIGS on 13 February, 1990. The O2 Q-branch at 1.269;:m is more casily distinguished
from the 1.277pm therma emission window at this resolution.




2.2 June 1991 CI? HT/FTS observations:

High resolution spectra of sclected regions of the day and night sides of Venus were obtained
with the Fourier Transform Spectrometer (F'I'S) on the Canada- France-Hawaii Telescope
(CFHT) on 27 June and 1 July 1991. A 5 circular entranceaperture was used, and the
angular size of Venus was ~ 28”. Spectra taken on 27 June have low signal-to-noise (S/N)
because they were acquired on a sunlit sky, just as the cruption cloud from Mount Pinatubo
began to pass overhead. We therefore smoothed these spectra with a triangular glit function
with a full-width-at haf-maximum (FWHM)of 1 cm ! to yield an effective spectral resolu-
tion of A\/AX~ 7880 (Ifigure 3).In spite of their modest S/N, these observations provided
the first direct evidence for significant spatial variations in the 0,(0’ A,) airglow on the night
side of Venus. Obscrvations centered near 10 N, 5 N, and 10 S latitude revealed airglow in-
tensities that differed by a factor of 4. CFHT/FTS spectra of the Venus day and night sides
were also taken on July 1. Unlike the earlier spectra, these obscr vations were taken after
sunset and have much higher S/IN (~ 40; Figure 3). The high-resolution (A/AX ~ 7880)
nightside spectrumn taken at ~15S latitude clearly resolvesindividual oxygen emission lines
in the P- and R- branches of the O(a'A,)band nea11.269 yun. The spectrally-integrated
Oz airglow intensity exceeds 1.1 mW m™?gr~ !, This was about six times brighter than that
seem on 27 June, and about a factor of 2 larger than the nightside average values reported by
Conneset al. [1979]. Comparisons of intensities of individual rotational transitions in the
P- and R--branches of this emission spectrum indicated rotational temperatures of 18646 K
(Figure 4) in the emitting layer [Crisp et al. 1992]. This temperature is comparable to that
derived by Connes et al. [1 979], (18.5+15 K).

2.3 July 1991 AATI/IRIS observations:

The first s~mtially-resolved images of the 0,airglow on the night side of Venus were taken
with the InfraRed Imaging Spectrometer (IRIS) on the Anglo Australian Telescope (AAT) in
July 1991 [Allen etal. 1992]. IRIS is a near-infrared camera/spectro meter with a 128 X 128
(NICMOS2) detector |Gillingham and Lankshear 1990; Allen et al. 1993; Meadows 1994;
Meadows and Crisp, this issue]. Weused the J-band (0.9 1.317 pm)echelle grism aud a
1.4 x 12" dlit to produce spatialy resolved spectra with a spectral resolution of A/AMX~ 400,
and spatial resolution of 0.8"'/pixcl. Spectral image cubes were compiled by alowing Venus
to drift perpendicular to the dlit, while recording spectra at dlit positions separated by 0.6”.
Several “drift-scans” are combined to produce a full-disk image of Venus.

Figure 5 shows the spatial distribution of the ()2((1r1A5,)airg]0w observed on 27 and 28 July.
The Venus disk was ~ 42" in diameter, its phase was ~ 0.18, and the sub-Earth point
was in the evening hemisphere of the pl anet. The 27 July iimage was derived from the
spectral image cubes described by Allen et al. [1992], but this image has been processed
further to (i) remove contributions from the decep-atmosphere thermal emission, (7i) combine
the emission from the P-, Q-, and R-branches of thec O, (a’ Ag) band, and (i) provide an
improved absolute radiometric calibration [Meadows 1994]. Onthis date, the Venus night
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Figure 3: CI'HT/FTS specira illustrating the spectral structure and variability of the O, (* A)
airglow emission. These spectra are offset by 0.2 W =2 s} um™! for clarity. The bottom
3 spectra were acquired by centering the 5 arcsec aperture at poinis near 10 N (bottom), 5
N (middle), and 5 S (top) latitude, near -the sub-earth meridian on 27 June 1991. The top
spectrum was taken at 155 on 1 July 1991. The lowest spectrum shows little Oy airglow. At
this resolution, individual transitions in the 1'- and R- branchesof the Oz (a'A,) band are
clearly resolved fromthe thermal emission window centered near 1. 277um.
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Figure 4: Plots of rotational energy wvs line intensity for the Oy (a' Ag) emission from a
CFHT/FTS spectrum acquired on 1 July 1991. The slope of thisline indicates the mean
rotational temperature of the emitling layer.



side was characterized by localized regions of intense airglow with characteristic dimensions
of ~ 1000 k. The brightest feature was onthelimb a ~ 2AM local time. This feature
had a spectrally-integrated (P-, Q- and R-branch) 0,cmission rate of 2.73: 0.2 mW m~?
sr™1 but its apparent intensity was cnhanced by limb brightening. A somewhat Icss intense
discrete feature, with an intensity of 1.8 4+ 0.2 mW m™ s~ ! was observed ncar the antisolar
point. Dark regions with little or no Oz airglow appear to radiate outward from the antisolar
point. Low- resolution (A\/AX~ 300) IRIS spectra indicate that the nightside emission is
dominated by thermal radiation from the deep atmosphere in these dark regions (Figure 6).
These bright and dark regions were superimposed on a diffuse background emission, with
mean intensities that varicd from less than 0.1 to more than 0.5 Wi 2 s . Only one
drift-scan of the Venus dark limb was obtained on 28 July 1 WI, duc to bad weather. This
scan showed significant changes in the 0,intensity and distribution on the night side. The
bright emission on the limb had vanished, and the brightest airglow was now located closer
to the anti-solar point (Figure 5).

To compare these airglow intensities to those reported by Connes ef al. (1979), we averaged
the AAT/IRIS results over areas comparable to those sampled by their entrance aperture
(~15% of the disk). Ior July 27, average intensities between 0.25 and 0.47 W m™ 2sr!
were obtained for different aperture positions. When the averaging window was expanded
to cover most of night side (excluding the limnb and regions near the bright crescent), the
average 0,(aA,) intensity was 0.44 4 0.06 mW m™?sr™!, in excellent agreement with the
results published by Connesetal The AAT/IRIS observations t aken on 28 July covered

only 21% of the disk, but indicated average nightside Oz intensitics of 0.53 4+ 0.05 mW =2
srl,

2.4 September 1991 AAT/IRIS observations:

AAT/IRIS observations of Og(a'A,) emission from the Venus night side were also taken 011
17-20 Scptember 1991, when the sub-Earth point was in the morning hemisphere (Figure 7).
observations acquired at 0029 UT on 17 September show weak airglow activity, and very
little contrast across the night side. Bad weather precluded observationson 18 September,
but the AAT/IRISimage cubes taken on the 19th revealed intense emission in a region ~
1()()0 kmninlength, at low latitudes between 0100 and 0200 local tirme on Venus. Image cubes
taken about one hour apart show that this emission had brightened by 20%, although it had
not changed position appreciably. By 20 September, the brightest regions of emission had

disappearcd, leaving the overal intensity of the Ozairglow less than that recorded on the
1l

2.5 October 1991 AAT/IRIS observations:
Observations of nightside 0,airglow were taken from the AAT and from the CFHT during

October of 1991. The AAT/IRIS observations were not as photogenic as those taken earlier
that year because Venus was well past opposition, and its apparent diameter had decreased to
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Figure 5: AAT/IRIS observations of O, airglow emission on the Venusnight side on 27 and
28 July, 1991. (top) Orientation of Venus, and position of the antisolar point (white cross).
North is to the right, and East (on the sky) is at the top. The curved linesshow local time
in 1- hour increments, with local midnight running through the antisolar point, and early
morning hours towards top. (middle) An 0,airglow image fromthe IRIS image cube taken
at 0824 UT on 27 July 1991. (bottom) An O, airglow image acquired 24 hours later (0824 UT
28 July). These maps show the integrated emission from the 1', Q and R branches. The scale
bar shows the intensities in Mega-Rayleighs (MR). To convert these values to mW m~2sr™ 1,

they should be multiplied by 0.125. Black indicates zcro emission, and white shows emission
cxceeding 15 M'R.
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Figure 6: Comparison of IRIS spectra from bright and dark O, emission regions from the
image cube taken on 27 July (Figure 5). The spectrum taken at theantisolar point shows
intense emission from the 0,(a' A,) Q-branch at 1.269 pm, while the spectra of the dark
regions to the northeast (NE) and west (W) of the antisolar point show much less 1.269 um
emission. 7o facilitate comparisons, the spectrum of the western dark region was scaled by a
constant, factor such that the intensity of the thermal emission peak at 1.18 j1m matched that
of the anti-solar point. To convert fluzes to W m~2sr~! um !, ordinate should be divided
by 2.52 x 1071 sr pizel™!

~ 29" . In addition, scattered light from the illuminated crescent was more of a problem since
~ 41 % of the disc was illuminated. We have not yet completed the radiometric calibration
of the data from this observing run, but obsecrvations taken at ~19UT on 17, 18, and 19
October showed spatial and temporal variations in 0,airglow that were similar to those seen
in July and September. On 17 October, the emission was most intense along the equator
and in a North- South band between the 1 and 3 AM 1neridians (Figure 8). The regions near
the limb at ~30S and ~30N latitude brightened substantially by 18 October. The bright
spot in the southern hemisphere faded substantially by 19 October, producing a southern
hemisphere airglow distribution that was roughly anticorrelated with that seen the previous
day.
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Figure 7: AA T/IRIS observations of 0,airglow emission on the Venus night side in Septem-
ber 1991. The upper left-hand image shows the emission observed at 0029 UT on 17 Septem-
ber. The upper-right-hand image shows the orientation of Venus, and the location of the
anti-solar point (white cross) North is to the right, an d East (on the sky) is at the top. The
two central images were taken at 2039 and 2137 UT on 19 September. The intensity of the
bright feature near the anti-solar point increased by ebout 20% between these observations,
but the background 0,emission remained roughly consiant. The lower two images were taken

at 2039 and 2150 U7’ on 20 September. The regions of intense emnission Seen on the previous
day had vanished.
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Figure 8: AA in/IRIS observations of Oz airglow emission on the Venus nightside limb on
17-19 October 1991. North is to the right, and East (on the sky) is at the top. The upper
two images show the emission distribution at 1912 UT on 17 October and 1858 UT' on 18
October. The lower left-hand image shows Venus at 1858 U7 on 19 October. The lower-
right-hand image shows the orientation of Venus, and the location of the anti-solar point

(white cross). Local time increases from ~midnight at the limb to the early morning hours
at the top of the plot.

14




2.6 October 1991 CFHT /Imaging-FTS observations:

Oq(a'A,) observations were taken with the CFHT Imaging F'TS on 18 October 1991 [Maillard
and Simons1992; Maillard et al., 1993], when the angular size of the Venus disk was 29 “.
This instrument provided a 24" diameter circular field of view, sampled at 0.33 “/pixel. Its
spectral resolution was 1800. An 0O,airglow image extracted from an image cube taken at
1530 UT on 18 October shows three 2 disciete bright spots (2 inthe north, onc in the
south), distributed around a much darker spot centered at the equator. The intensity of the
0,airglow varied from 1.2+ 0.12 mW m~2sr ! in the bright spots, to 0.44 4 0.12 mW n-~
st 1pum™1! in the equatorial dark spot [Maillard et al. 1993]. These results arc similar to
the O,observations obtained ~ 3.5 hours later at the AAT, but a quantitative comparison
of these data sets has not yet been completed. Such a comparison would provide improved
constraints on the short-term temporal variability of the airglow.

2.7 October 1991 CFHT/FTS observations:

The CFHT/FTS was used to take high-resolution (2 cml) spectra of the 0,emission from
selected regions of the night side on UT 23 and 24 October 1991. ‘1 ‘hc SN of these data
isnot high (1 O to 20) because they were taken after sunrise during a period when the
volcanic aerosols from the Mount Pinatubo eruption dramatically enhanced the intensity of
the scattered sunlight. in spite of this, these data show spatial and temporal variations in
the O,airglow similar to those seen earlier. On 23 October, spect ra were taken at 5 N and
20 Sat ~ 3AM loca time on Venus (Figure 9). The 0,airglow intensity in the spectrum
taken at 5 N is comparable to that seen on July 1 (Figure 3), while the spectrum taken at 20
S was about 1.6 times as bright. On 24 October, the airglow intensity at 5 S was comparable
to that seen at 5 N on the previous day.

2.8 March 1993 CFHT/Imaging-FTS observations:

The CFHT imaging FT'S was used to observe the Venus nightside O,(a' A,) airglow emission
on 8 March, 1993 [Maillard et al., 1993]. The instrument’s 24" circular field of view was
centered in the northern hemisphere on the night side, and covered only about half of the
~ 47 “ disk. On this date, the emission was subdued and relatively uniform everywherc
within the aperture, with dlightly brighter emission near the equator. The high-resolution
spatially-resolved data provided new opportunities to derive! rotational temperature maps
for the O2 emitting layer. Maillard et al. 1993] derived temperatures near 190 + 10 K from
these observations.
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Figure 9:CFHT/FTS spectra from 23 and 24 October, 1991. These spectra. arc offset by
0.25 W m= 2 sr~ ' um™! for clarity. Thelower two spectra werctaken by centering the 6

arcsec aperture at points near 5 N (bottom), 20 S (middle) latitude, near the 3AM meridian
on 23 October. The top spectrum was taken near &5 Son 24 October.
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Figure 10: AA T/IRIS observations of O, airglow emission from the Venus nightside limb
on 28 April - 2 May 1993. North is to the right, and East (on the sky) is at the top. The
lower- right-hand image shows the orientation of Venus, and the location of the anti-solar
point (white cross), and the local time meridians.

2.9 April 1993 AAT/IRIS observations:

One of the longest unbroken time series of 02 airglow observations was acquired with the
AAT/IRIS on 28 April through 2 May 1993, when the angular sire! of Venus was ~ 44" and the
10PM meridian was on the nightside limb. On 28 April, three discrete O, airglow emission
features surrounded the anti-solar point (Figure 10). The atmospheric seeing was much worse
on 29 and 30 April, but the 0,airglow appeared to be substantialy less intense. In the 29
April images, the brightest emission was seen at low latitudes. The spatial distribution of
this emission was roughly auti-correlated with that seen on the previous day. The limb had
also brightened substantially at latitudes poleward of - 45"N. On 30 April, the emission was
relativel y dim everywhere on the night side, but the brightest airglow was seen just to the
south of the anti-solar point. Once again, the emission near the anti-solar point was roughly
anti-correlated with that seen on the previous day. On 1 May, the secing improved, revealing
intense airglow on the limb and enhanced emission over much of the night side. Discrete
bright and dark airglow features were also scen between the anti-solar point and the 1AM
meridian, and at ~ 45°N latitude, between the 1 and 2AM meridians. On 2 May, the airglow
emission from the bright limb and much of the night side had faded substantially, leaving a
bright region that extended roughly cast-west from the anti-solar point to the limb.
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2.10 December 1994 IRTF/CSHELL observations:

The Cryogenic Echelle Spectrograph (CSHELL) at the NASA Infrared Telescope Facility
(IRTF) was used to acquire high-resolution, spatiallv-resolved spcctra of the O, emission
from the Venus night side on UT 2--5 and 17-24 December 1994. The 0.5 “ dit was used to
yield aspectral resolution of A/AM~ 40000. The spatial resolution was 0.2 “/pixel along the
30 “ dit [ Greeneetal. 1993]. CSHELL observations of selected regions of the Venus night
side show spatial and temporal variations in the 0,airglow similar to those seen earlier.
Figure 11 shows a representative series of spectra of the Oz(a'A,) Q-branch acquired on UT
2 December 1994. These spectra were derived from a single 2-minute exposure, with the dlit
oriented East-West, across the night side, crossing the dark limb near the Venus equator.
The 0,airglow intensity was brightest near the limb and decreased almost monotonically
toward the bright morning crescent.

2.11 Summary of new observations:

The new Oz(a'A,) observations are summarized in Table 2. These data, and other observa-
tions of the Venus night side acquired at the A AT and IRTF in 1994 confirm that O,(a'A,)
airglow intensities larger than those measured by Connesetlal. [1979] are common on the
night side of Venus. They also reveal large spatial and temporal variations in this air-glow
that were not anticipated from the earlier spectroscopic observati ens, which covered broad
regions of the day and night sides. The brightest emission is most often seen near the limb,
or in isolated regions at low latitudes, with spatial dimensions of ~ 1000 km. Very dark
regions, with little detectable 0,emission arc often seen juxtaposed with the brightest fea-
tures. The intensities in the bright regions can vary by as much as 20% in one hour, and
these regions often vanish entirely within onc day. 1 )ay-to-day variations in emission are
sometimes anti-correlated, such that the brightest regions seen on one day are anomalously
dark on the following day.

The airglow intensities quoted in this section have been calibrated with respect to standard
stars (and with respect, to each other), but they have not been corrected for viewing-angle-
dependence, reflection from the underlying clouds, self-absorption, or other artifacts of the
observing geometry. These factors are derived in the following section, and applied to the
observations 1o infer the Oz(a' A,) production rates on the Venus night side.

3 The Production of Oy(a'A,)

The 0,airglow emission in the so-called “infrared atmospheric system” at wavelengths near
1.27 pm is produced when an O,molecule in the excited (&' A,) state spontaneously emits
a photon and relaxes to its ground (0,(X3X9)) state. This weak magnetic dipole transition
has an Einstein A cocflicient for spontancous emission ~ 2.58x 107 *s” ![Badger et al. 1965;

18




cember 199

IRTF /CSHELL:2 De
—y— T

§ Q-Branch T
- R3 R3 R1 R1 7
20— —
L j\“ . /\.\__,A._M./\/\/\/\/J\/\—/\\/\A,J\__,_W

|

5
=

15

|

}

| B T T T T

==

e
e
> i e o

==

|

|

Radiance (W/m?/sr/um)
\
i
%

10

) !

|

A\

|
?%

S URNEE Y (NS SO S U SN [SUNNS SN TSUU S TN NN S ST WU S NN SR S S S UNNT SN SUUN MU SR SN S T

1.2670 1.2675 1.2680 1.2685 1.2690 1.2695
Wavelength (pm)

Figure 11: IRTF/CSHELL spectra of the O, (& A,) Q-branch taken at 163/ UT on 2 Decem-

ber 1994. The CSHELIL dlit was oriented East- West, fromthe dark limb (top) to the bright
morning terminator (bottom). Spectra were cwveraged over 2.2 " regions along the slit and
extracted at 1.0 ” intervals. Integration time was 120 seconds. These spectra were collected
shortly after sunrise during twilight. The 0,airglow intensity increases almost monotonically
towards the limb.




Table 2: Summary of Observations of Oy(a' A,)) Emission

Instrument Date (UT) | viewing [ Intensity
angle | _ (MR)
AAT/FIGS 1072790 <20° [~14
AAT/FIGS 13/2/90 <200 | ~14
CFHT/FTS 27/6/91 ~ 30° <1,to 1.
CFHT/FTS 1/7/91 ~ 30" 8.8
AAT/IRIS 27/7/91 400 14.2
70° 215
avg 0.94
AAT/IRIS 28/7/91 60° 8
AAT/IRIS 17/9/91 ()-90°
AAT/IRIS 19/9/91 ()-900 | 19to24
AAT/IRIS 20/9/91 ()-90°
AAT/IRIS 17/10/91 | ()-90°
AAT/IRIS 18/10/91 | ()- 90°
AAT/IRIS 19/10/91 | ()--90°
CFHT/IFTS 18/10/91 | ()-90° 3595
CFHT/FTS 23/10/91 | 45 8 13
CFHT/FTS 24/10/91 | 45 13
CFHT/IFTS 8/3/93 () 90°
AAT/IRIS 28/4/93 ()-90°
AAT/IRIS 29/4/93 ()-90°
AAT/IRIS 30/4/93 0-90°
AAT/IRIS 1/5/93 0-90"
AAT/IRIS 2/5/93 ()-90°
IRTF/CSHELL | 2/12/94 ()- 90°
IRTF/CSHELL | 3/12/94 0-90°
IRTF/CSHELL | 4/12/94 0-90°
IRTF/CSHELL | 5/12/94 0-90°
IRTF/CSHELL | 17/12/94 | ()-90°
IRTF/CSHELL | 18/12/94 | ()-90°
IRTF/CSHELL | 19/12/94 | 0-90°
IRTF/CSHELL | 20/12/94 | 0-90°
IRTF/CSHELL | 21/12/94 | 0-90°
IRTF/CSHELL | 22/12/94 | 0-90°
IRTF/CSHELL | 23/12/94 | 0-90°
IRTF/CSHELL | 24/12/94 | 0-90°
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Rothman 1982]. The spontaneous emission of al.27;mm photon will therefore occur within
about one hour of the formation of the excited 02 molecule. If the collison rates arc too
high, however, the excited O, molecules can be collisionally “quenched” to their ground
state, producing no airglow. The collisional quenching rates for 02 by CO, arc not well
constrained by existing laboratory measurements, but they arc thought to be between 1 and
3 x 10-20 Cm3s“][c.f Connes et al. 1979; Yung and DeMore 1982). These considerations
suggest that the intensity of the 1.27pm O, airglow will be proportional to the rate of
production of 0,(a'A,), but inversely proportional to the number of collisions. To satisfy
these constraints, peak 0,emission rates should occur at altitudes between 90 and 115 km
in the Venus atmosphere [ Yung and DeMore 1982; Bougher and 3orucki 1994].

3.1 Estimating 0,production rates from airglow intensities:

the Observed intensity of the 0,airglow depends on several factors, including the produc-
tion rates of O2(a'A,), airmass effects associated with the viewing angle, reflection from
the underlying clouds, and self-absorption by 0,in the atmospheres of Venus and Earth.
To estimate the column-integrated O, production rates from these observations, we must
accurate] y account for all other contributions to the observed emission. Here, wc assume
that the observed intensity, 1., a sub-Earth angle, # can be expressed in the form:

Iws(0) = I(N, €) t(r, 0) + R(N, 0,a) U2, 0) (1)

where, 1 is the intensity of the direct (upward) component of the emission from the layer,
6 is the local zenith angle, i(7,0) is the transmission along the path between the emitting
layer and the observer, I2(a, 19) is the contribution to the observed emnission reflected from the
cloud tops, ais the cloud albedo, and i(Tz,O) is the transmission along the optical path from
the! base of the emitting layer, to the cloud top, and then to the observer. In principle, both
0,and other gases in the Venus atmosphere can produce attenuation between the emitting
layer and the observer, but the results presented in the following section suggest that these
sources of attenuation arc not significant, and can be neglected (ic.t(7y,0)=1(72,0)=1).

The direct component of the observed emission, I(N,#), is produced by isotropic emission
from excited O2 molecules in the layer. It is therefor ¢ a function of the number density of
emitting molecules, N, the Einstein A coefficient for spontancous emission for 0,(a' A,), and
the optical pathlength, ds. Here, wc assume that the emitting layer is horizontally-infinite,
(locally) plane parallel, azimuth-independent, and extends between the altitudes, z; and 22-
The assumption of a horizontally-infinite layer is justified for the analysis of the observations
presented above, since the horizontal extent, of the emitting regions (~ 1000 km) is much
larger than the vertical thickness of the layer (~ 15 kin) or the distance between the emitting
layer and the cloud tops (~ 25 kin). For this case, the optical path lengths through the layer
scale roughly asscc(f), where 0 is the local zenith angle. This approximation produces
acceptable accuracies (~ 10% except at sub-E arth angles closc to the limb (6 > 85°), where
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it overestimates the actual path lengths. The direct contribution to the observed intensities
(or ‘(radiances’) can therefore be approximated by an expression of the form:

N, o) = 2O NGy B

4

where N(2) is the altitude-dc~)cl~clellt O2 number density, The division by 47r accounts for the
fact that the airglow is radiated isotropically into 471 steradians. This expression indicates
that airmass effects will significantly enhance the direct contribution from the O2 emission
at large sub-Earth angles, because the optical path lengths, and therefore the number of
cmitters along the path arc largest for those angles. To illustrate this, the direct (upward)
component of the airglow at the top of the emitting layer can be expressed in the form:

I(N,0)=1, See(0) (3)

where o is the direct contribution to the airglow intensity at normal incidence (6' = O).

The amplitude of the reflected component of the airglow, I, is somewhat less obvious,
however, and different amplitudes have been derived by different observers. Connes et al.
[1979] cites arguments presented by Nozon etal. [1976], adopts a cloud albedo of 0.9, and
concludes that the reflected component increases the observed amplitude by a factor of
~ 2.8, independent of viewing angle. Unlike Connes,etal., (and this study), Drossart et a.
[1993] assumed that thc airglow seen by Galileo NIMS was spatialy localized, and derived
a correction factor for the reflected airglow of the fori n:

Iops(0) = I(N,0) 11 + a § cos®(0) 1 «) (4)

where €} is the solid angle subtended by their observations. Evaluating this expression for
their viewing angle, (0 = 46 deg;§2 = 1.047), assuming a cloud albedo, a = 0.9, they
determined that the reflection from the cloud tops enhanced the emission by a factor of 1.45,
about a factor of 2 smaller than that derived by Conneset al.

We adopted a different approach for evaluating the reflected contribution. The amplitude of

the reflected radiation should depend on the intensity of the airglow illumination at the base
of the emitting layer, the absorption between the cloud tops and emitting layer, and the bi-
directional reflection function of the cloud top. If the airglow-emitting layer is assumed to be
optically thin, (locally) plane parallel and azimuth-in dependent, as we assumed above, and
if there is little attenuation between the emitting layer and the cloud tops(sce next section),
the intensity of theairglow incident on the cloud tops satisfies Eq. 3. If 7(0,¢,0',¢') is the
angle-dependent reflection by the cloud tops, the reflected component of the airglow can be
described by an expression of the form [cf. Liou 1980, pg 200]:
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] 2n "/2 / ! ! . 1] ! !
R(N,0,0) = — /0 /0 I(N,0)7(0,6,0, ¢') cos @' sin@ do’ dg ()

If the clouds arc l.ambertian, such that » = a is independent of angle, and the airglow
intensities are described by Eq.3, this expression can be evaluated to yield

IB(N, 0, ay=2 a ]0 (6)

where the factor of 2 is a consequence of the sec(f) dependence of the airglow intensities.
If the Lambert albedo of the clouds is 0.9, this equation gives (N, 6,a)= 1.810, which is
consistent with the, estimate of thereflected contribution adopted by Conneset al. [1979].

The clouds of Venus are not exactly Lambertian, however. To obtain improved estimates
of the cmission angle dependence of the reflected contribution to the observed intensities,
we used a 16-stream Discrete Ordinate Model [Stamnes et al., 1988], and the H,SO4 aerosol
distributions specified in Crisp [1986]. We found azimuth-averaged reflectances that in-
creased from 1.67 at 0= 0°, to 1.79 at 6 = 76°, and then decreased to 1.73 at # = 89° to
yield an arca-weighted average of the reflected contribution of ~ 1.751.. These calculations
show that emission angle dependence in the reflected contribution is sufficiently small that,
a constant Lambert cloud albedo of, a=0.875, can be assumed without introducing large
errors. With this approximation, the observed, angle-dependent radiance emitted by O2 can
be approximated by an expression of the form:

Tops (0) = Io(sec 0 -- 2a,) (7)

where fois the radiance emitted directly fromi the layer at normal incidence (# = O). This
expression differs from that adopted by Connes et al. because it includes an emission angle-
dependent direct component as well as an angle-independent contribution from the clouds.
Using this formula, Jo can can calculated directly from the measured value, 1oy

Iy = lo~,(f?)/(see 0+ 2a) (8)

The irradiance (flux) emitted into the upper or lower hemisphere is then given by:

2 % .
Fo= /0 /0 1(0) cos @ sin §d0d )

Integrating this expression, wc find, /' = 2xl,. The total irradianceinto both hemispheres
isdm Jo, or in terms of the measured intensity, Ios:
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F = 4Anl,s/(sec 0 -+ 2a) (10)

For historical reasons, airglow intensities arc expressed in Rayleighs (or Mega Rayleighs,
MR), where 1 Rayleigh=10°photons cm”s™! into 4z steradians. Wavelength dependent ir-
radiances can be converted to Rayleighs by dividing by the energy of 10¢ photons, (10 hcA™!),
and then integrating over the spectral range. For example, if Fis expressedin W m=2 pm-l,
the flux in Rayleighs is given by

= F A(pem) dA (11)

. 107 107%m 10~*m? /A
Fr = //\

he pm cm? .

where Planck’s constant, h=6.626 x 10-"34 Js, and the speed of light, ¢=-2.998 x 108 m S--| arc
expressed in S1 units. If F is the spectrally-integrated flux in a narrow spectral region near
1.269pm, this cxpression can be simplified to:

Fr=1639 x10° F (12)

On July 1, 1991, the spectrally-integrated 0,airglow intensity observed at the CFHT was
approximately I, = 1.1 mW m~2sr™ 1. The emission angle of this spectrum is not known
precisely, but if weassume a sub-Earth angle near 30°, the effective emission rate by the
layer is 3 x 10’ photons m=2 s’”’, or 3 MR. The bright (2.7 4 0.2 mWm™’sr™! ) air-glow
emission observed near the limb on 27 July 1991 with AAT/1RIS was centered at ~ 70° sub-
carth angle. Correcting for the emission angle effects and the reflection from the underlying
clouds, we find an emission rate 5.8 + 0.4 MR (where the error bars include uncertainties in
the emission angle as well as those for radiance ). For comparison) the somewhat less intense
(1.84+ 0.2mW m~“sr~!) emission near the anti-solar point in that image was at a sub-earth
angle of ~ 40°. Correcting for air mass effects, we find an emission rate of ~ 5.2 MR. The
hemispheric average emission rate for the night side (cxcluding regions very close to the limb
or the bright crescent) is 1.08 4= 0.2 MR. This result is similar to,but somewhat smaller
than the nightside emission rate derived by Connesectal. [1979], It is important to note,
however, that even though they used a similar factor to correct for cloud reflection, their
analysis ignored the emission angle dependence in the direct emission, which was included
here.

3.2 The absorption of Os(a’ A,) airglow in the Venus atmosphere:

The physics of the Oz(a'A,) emission also has important implications for the role of sclf-
absorption by Oz in the atmosphere of Venus. In most atmospheric radiative transfer model-
ing applications, the relationship between absorption and extinction by gases is governed by
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Kirchofl’s L.aw, since both processes are governed by the Einstein coeflicient for stimulated
emission, B.This is not the case for the Oz airglow, which is a conscquence of a different
physical process - spent ancous emission. The relationship between (stimulated) absorption
and airglow cmission by Oz is therefore determined by the relative values of these Einstein
coefficients. Rothman [1982] relates these factors and expresses the absorption line strength,
S, iu terms of the A coefficient as follows:

_ AOUV S,]IV " ) ML
STy = SricO(T) exp(—heE" [ET [1-- cap(-he" [KT)] (13)

In this expression, A, = 2.58 x 10-"4 s1 is the Einstein A coefficient for spontancous
emission for the O(a'A,) band, v is the wavenumber of the transition, (cm'l), E” is the
lower- state energy (cm~'), h=06.626 x 10-27 c1g s, is Planck’s constant, k=1.38 x 10~1¢ ergs
K'is Boltzmann’s constant, and ¢=2.998 x 10'® cm s! isthe spced of light (all in cgs units).
The quantity, S¥,isthe Honl- London factor, which typically has values of order unity. This
expression yields strengths of ~ 5 x 1072° cm™1 molecule™! cn *for the strongest lines. The
maximum Oz optical depths arc given by:

7(0y) = | S(T)f(w — vo,T)N(2)dz (14)
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were f(v -V, T) is the line-shape function, and the integral extends from the cloud tops,
71 =65km, to oo. If the O,mixing ratios above the cloud tops arc closeto 10-7, [ Trauger
and Lunine1983], the mesospheric 0,column densities arc of order 2 x 1017. For these O,
abundances, our line-by-line calculations indicate mesospheric 02 optical depths <107¢in
the cores of the strongest lines. These calculations show that in spite of the high intensities
of the 0,airglow, the self absorption by 0,is completely negligible.

CO; is the only other gas that absorbs significantly in the vicinity of the 0,(a'A,) band.
We found that the normal-incidence, CO; line-core, optical depths arc no larger than 0.01
within the Q-branch of the Oz(a’A,) band. The CO: line-core optical depths increase to
about 0.1 in the R-branch of the Oz(a' A,) band, but both the 0,and CO2 lines arc narrow,

and few strong CO,lines fal at the same wavelength as the 0,lines. CO,is therefore not
a major sour-cc of extinction for the 0,air-glow.

4 Discussion

4.1 Chemical modeling of O2 (a’ A4) production rates:

There have been several attempts to simulate the airglow cinission with [-dimensional,
steady state, photochemical models [Parisot and Moreels 1980; Yung and DeMore 1982;
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Krasnopol sky and Parshev 1983]. In these models, the Oz(a]Ag) is produced primarily by
the recombination of atomic oxygen that is created by the photodissociation of CO,[ Connes
et d. 1979], or SO,[Leu et a. 19871, Or the photolysis of Oz [Parisot and Moreels 1980] on
the day side of Venus. This atomic oxygen can reconibine on the day side where it is pro-
duced, or be transported from the day side to the night side by theglobal circulation. The
3-body and catalytic recombination reactions listed in TaMc 1 arc sufliciently exothermic to
yield 0,in the excited (a'A,) state (£ = 0.98 ¢V), but only the 3-body reaction (O + O +
M — Oz(a’ A,) + M), produces 02 with enough excess energy to produce an optical photon
(5¢V).

However, unrealistically high Oz(a'A,) production rates arc required to produce the observed
airglow emission rates (> 1 MR). The CO; photodissociation rates are known to be near
8 x 10" en’s- '[Leuctal 1987]. This suggests maximum O O recombination near 4 X
10'2 cm®S-1. If the quantum yields of the 0,(a4\,) production reactions in Table 1 were
close to 100%, and collisional quenching were completely negligible, these reactions would
produce globally-averaged 0O,airglow intensities near 4 MR, and we could easily explain
the observed intensities. These assumptions are uni calistic, however. Recent |aboratory
measurements indicate typical quantum yields of ~ 4% for these reactions [Lcu et al. 1987].
With these low quantum vyields, the maximum global-average 0,airglow intensities should
be closer to 0.16 MR. The presence of collisional quenching will reduce this even further.

Airglow intensities greater than 1 MR therefore imply additional sources of atomic oxygen,
or reactions that produce Oz(a'Ay)emission without O- O recombination reactions. For
example, the photolysis of SO, could provide an additional source of atomic oxygen [Lcu et
al. 1987]. SO,mixing ratios like those measured since 1979 (0.1 ppm) provide little additional
atomic oxygen, but a hundred-times enhancement in the mesospheric SO,abundance might
produce enough atomic oxygen to account for the airglow seen by Connes et al. [1979]. Leu
etal. [1 987] thercfore speculate that the high 0,airglow intensities measured in 1975 may
have been associated with a massive injection of SO into the upper mesosphere (by a volcano
or some other process). This hypothesis could not be evaluated dircctly because the first
mesospheric SO, measurements were acquired about 4 years after the 02 airglow observations
were taken. However, this mechanism cannot explain the more recent observations of bright
Oz airglow, which were taken during a period when the SOz mixing ratios were ~ 0.1 ppm
at the cloud tops, with a scale height of ~ 3 km [Naet al. 1990; 1994]. No additional
mesospheric sources of atomic oxygen have been identified.

Leuctal. also proposed a reaction that uscs chlorine as a catalyst to produce O2(a Ay)
without creating any new O- 0 bonds. Their scheme includes the following steps:

Cl +- 0,4+ M - ClO; + M
Cl + ClOy = C1,40q(a' A,)
Cl, + hv— 2C1

nel : 05 — O2(a’A,)

When the best available quantum yields were used for these reactions in the model described
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by Yungand Demore [1 982], this rcaction produces airglow intensitics of only 0.2 MR, well
short of that nceded to account for the observed intensities. One asset of this scheme is that
even though the chlorine! must be recycled on the day side, the O, (a'A,) can be produced on
either the day or the night side. This attribute is essential for any chemical mechanism that
attempts to account for the nightside emission, because once an O21nolecule is created in the
excited (a' A,) state, it will emit a photon and return to its ground state within ~ 1hour.

It is thercfore unlikely that molecules can be transported from the day to the night side on
this time scale.

The new observations of Oz(a’ A,) emission from the Venus night side cannot solve the appar-
ent O2 budget deficit, but they contain valuable clues to the relevant chemical mechanisms.
For example, they show that the brightest airglow is usually confined to isolated regions,
with spatial dimensions of order 1000 km. They aso i ndicate that the brightest regions can
vary by as much as 20%0 in periods as short as 1 hour, and that these regions have lifetimes
of less than one day. 1 Iowever, this transience does not solve the budget problem because
the average nightside emission rates rarely fall below ~0.5 MR, even when no discrete bright
spots arc present. It dots suggest that the processes producing O2(a' A ) involve a chemical
constituent or physical condition that varies significantly with time. The observed temporal
and spatial variations also suggest that I-dimensional, steady state, chemical models might
not be adequate for exploring the mechanisms that piroduce this airglow.

4.2 Spatial variations in the nightside Oz(a'A,) airglow:

In spite of the fact that existing chemical models cannot yet account for the observed inten-
sities of the 0,emission on the night side of Venus, recent investigations of thermospheric
dynamics are providing insight into the observed spatial and temporal variations in this air-
glow. Early modeling studies suggested that the circulation above ~ 90 km was dominated
by a subsolar to antisolar (SSAS) flow, with upwelling over the subsolar point, rapid flow
across the terminator, and subsidence at the anti--solar point [Dickinson and Ridley 1975;
Dickinson and Ridley1977]. This circulation could potentially transport mom atomic oxygen
from the day side to the night side ‘than a quasi-horizontal circulation because the upwelling
branch of this cell transports the atomic oxygen produced in the upper mesosphere and lower
thermosphere to higher altitudes (lower pressures) where the recomnbination rates arc much
lower. The downward flow near the anti-solar point would then carry atomic oxygen back
through the mesopause, where the recombination rates, and 0, (a' Ay) production rates are
larger. Thesc early models therefore offer at least a partial explanation for the large O
airglow intensitics observed on the Venus night side, but they provide little insight into the
observed spatial and temporal variability in this emission. This variability suggests that the
thermospheric circulation and 0,transport may be substantially more complicated.

Recent efforts to analyze Pioncer Venus observations of thermospheric densities [Brinton et
al. 1980] and () and NO airglow at ultraviolet wavelengths [Stewartet al. 1980; Alexan-
der 1992; Aleczander et al. 1993] also indicate a somewhat more complicated situation.
Simulations of these phenomena with the Venus Ther mospheric General Circulation Model

27




(VIGCM) [Bougher et a. 1990; Fox and Bougher 1991; Bougher and Borucki 19941 indi-
cate that the SSAS flow is superimposed on an cast- west (zonal) super- rotation. Recent
ground- based Doppler measurements of thermospheric wind speeds at infrared [Goldstein et
al. 1991 ], and millimeter wavelengths [Shah et al. 1991; Lellouch et al. 1994] wavelengths
appear tosupport this basic picture, but these observations disagree on the relative am-
plitudes of the SSAS and zonal flows. Infrared heterodyne measurements of Doppler shifts
in CO2 lines indicate crossterminator SSAS velocities of ~120m s*, and zonal velocities
of 25 m s at altitudes near 110 km. Shah et al. [ 1991] measured Doppler shifts in the
2.66 mm CO line in 1988 and found larger zonal winds(~85ms' ) and a weaker SSAS
flow at altitudes near 100 km. In contrast, CO observations taken in 1991 by Lellouch ct al.
[1994] indicate SSAS and zonal velocities with similaramplitudes (40+ 15 m S| at 95 km,
increasing to 904 15 m s! at105 km). These differences inight reflect, systematic errors
in the observations, but there is increasing evidence that they indicate real spatial and/or
temporal variations in the thermospheric circulation.

The mechanisms that might drive the zonal coimponent of the thermospheric circulation were
not immediately obvious, but a recent analysis of I’V OUVS observations of the 0.1304 pm
oxygen airglow [Alexander 1992; Alexander et al. 1993] indicates that this super- rotation
may be maintained by zonal momentum transports associated with vertically - propagating
gravity waves that arc generated within the clouds. I'hese waves have predominantly west-
ward phase velocities and phase speeds that are similar to the cloud-level winds (~ 100 m
S| ). Their amplitudes increase as they propagate upward through the mesosphere, until
they reach the lower therimosphere, where they break, and deposit their (westward) mo-
mentum to drive the thermospheric super--rotation. This model predicts strong local-time
variations in the effects of this wave momentum forcing, on the SSA S flow, since the westward
propagating waves will decelerate the SSAS flow in the morning hemisphere, and accelerate
it in the afternoon hemisphere [Alezander et al. 1993]. This wave forcing mechanism could
also produce large temporal variations in the thermospheric circulation if there were changes
in the cloud- top wave production, or the mesospheric thermal structure and dynamics. This
transience could be caused by temporal variations in the cloud-top forcing of these gravity
waves, or changes in the altitude at which they break. If these waves arc gencrated by con-
vective turbulence associated with heating of the cloud-top UV absorber [Crisp 1986, 1989],
the wave amplitudes could change with a 4-5 day period, as the “Y”- shaped UV albedo
fecaturc rotates around the planct. These changes might alter the atomic oxygen transport

from the day to the night side of the planet, contributing to the observed temporal variations
in the O2airglow.

Bougher and Borucki [1994] used the VI'GCM to illustrate the impact of these processes
on the intensity and spatial distribution of nightside Oz(a'A,) airglow emission. Their
nominal case, which assumed weak zonal winds in the lower mesosphere, produced 02 airglow
intensities that varied by a factor of 8 across the night side, with peak intensities (0.54MR)
centered at the equator at 1AM local time. When the westward zonal wind speeds were
increased to > 50 m s! in the lower thermosphere, gradients in the 0,intensities on the
night side were smeared out, and the local time of peak emission moved to 4- 5AM.

To simulate the effects of variations in the gravity wave forcing mechanism mentioned above,
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they also varied the Rayleigh friction at thermospheric levels. They found that a 50%
decrease in this drag produced a 50-230 m s-] increase in the cross-terminator velocities.
This enhanced the atomic oxygen transport and increased the O, (a’A,) airglow intensities by
~ 30'%. These simulations confirm that variations in the zonal component of the transport,
and the strength of the gravity wave momentum forcing of the super- rotation, could produce
much of the observed variability in the airglow.

These results provide additional insight into the mechanisms that produce the observed
airglow variations, but they still offer an incomplete explanation of the observed spatial and
temporal variability. In particular, these steady stat ¢ models do not explain why the O
airglow production changes so rapidly, or why the brightest rcgions seen onc day arc often
the darkest on the next day. Wc attempt to address t hcsc issues in the following section.

4.3 Temporal variations in the nightside 0,(a’'A,) airglow:

Ncw observations of Oz (a'A,)airglow from the Venus night side confirm that emission rates
exceeding 1 MR arc common. They aso reveal dramatic spatial and temporal variations
in this airglow that had not been anticipated from earlier spectroscopic observations. 1f
this 0,(a' A,)airglow is produced primarily by the recombination of oxygen atoms that arc
produced on the day side of Venus, as existing chemical models predict, the nightside airglow
intensity can bemodulated by: (i) changing the atomic oxygen production or recombination
rates on the day side, (ii) altering the atomic oxygen transport from the day side to the
night side (#i) varying the recombination rates of O atoms 011 the night side or (iv) changing
the relative importance of radiative and collisional de excitation of the O2(a' A ) molecules
on the night side.

If the atomic oxygen production rates on the day side of Venusare dominated by the UV
photolysis of CO,, these rates should not change on hourly or daily timescales, because the
intensity of UV radiation and abundance of CO,should remain constant on these timescales.
Short-term variations in the abundance of other trace species on the day side, like SO,, could
produce changes in the atomic oxygen production rates, but no significant sources have been
identified.

The nightside O-atom supply can also be modulated by changing the atomic oxygen recom-
bination rates on the day side. These rates could be changed either by altering the con-
centration of catalytic species (Cl,, HO,), or by changing the vertical mixing rates between
the upper mesosphere and the thermosphere. The formation of O- O bonds by three- body
recombination should not vary significantly with time, because the rate of this reaction de-
pends only on the local atmospheric bulk density. The rates of day side 0,recombination by

the catalytic reactions listed in Table 1 could vary substantially if there were large temporal
variations in the mesospheric concentrations of Cl, Cl1O, or HO,.

Ilay-side O, recombination rates arc also aflccted by the vertical transport rates because
recombination rates arc slower at higher altitudes. If the vertical diffusion rates arc small,
and the circulation is dominated by upward advective trausport on the day side, a larger
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fraction of the oxygen that is produced at mesospheric levels will be transported to high
altitudes. If the dayside vertical transport is dominated by eddy diffusion,the net transport
will depend on the vertical gradient in the atomic oxygen concentration (which is thought to
be positive, such that the O concentration increases with altitude [ Yung and Demore 1982],
and much less mesospheric atomic oxygen will be transported to the thermosphere before it
recombines. Alexander et al. [1993] used the VIGCM to illustrate this mechanism. Their
calculations show that the thermospheric O abundance decreases by as much as 40% when
the vertical eddy diffusion coefficients are increased by a factor of 8.The thermospheric
O abundance increases by 25- 30% when the diffusion coefficients are set to zero. These
results suggest that temporal variations in the eddy diffusion coeflicients could contribute
significantly to thermospheric atomic oxygen supply and the brightness of the nightside Oz
airglow.

Bougher and Boruck: [1994] show that the gravity- wave mechanisin in-ol)oscd by A lexzander
[1992] can dlter the nightside atomic oxygen supply by modulating, the intensity of the flow
across the terminator. in principle, this mechanism could also produce significant temporal
variations in the vertical eddy diffusion coefficients in the lower thermosphere if the altitudes
at which the waves break varies with time. By analogy with the Quasi- Biennial oscillation
(QBO) in the Earth’s tropical stratosphere, the breaking gravity waves could transport
enough westward momentum to the thermosphere to create a critical layer. Subsequent
waves would then be absorbed at or below this critical layer, forcing the altitude of this layer
to propagate downward with time. If this mechanism operates over the (90 125km) range,
it could produce significant temporal variations in the eddy diffusion near the mesopause,
and the atomic oxygen supply in the thermosphere.

The processes described above affect the supply of atomic oxygen to the thermosphere. Once
there, several factors can influence the spatial and temporal distribution of the O atoms and
their recombination on the night side to form O,airglow. I’rocesses that affect the steady
state transport from the day to the night side are discussed in the previous section. Here we
will focus on the subsiding branch of the circulation.

The observed variability of the nightside O,airglow might be associated with one of severa
chemical processes that produce Oz(CLlAg).F()r example, these variations could be associated
with time-varying spatial structure in the concentrations of tracc constituents needed for
the gas-phase recombination reactions. Alternatively, the observed variability could be a
consequence of chemical processes that have not yet been explored, including heterogeneous
chemical reactions, involving H,SO4 aerosols, meteor ic debris or other agents (Y. L. Yung,
personal communication, 1995). In the Earth’s upper atmosphere, the abundance of aerosols,
ices, and meteoric debris as catalytic sites for heterogeneous reactions is highly variable.
If similar conditions exist on Venus, these variations could explain some of the observed
structure in the airglow (e.g. Huestis and Slanger [1993] identified a long, narrow feature
in the NO airglow observed by PVO and suggested it might have been a meteor track).
These possibilities cannot be ruled out, but very little is known about the rates of such
heterogeneous reactions, thus, their ability to in-oducc the observed intense airglow emissions
is unknown.
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The presence of discrete bright patches of O, emission suggests that the downward transport
is often spatially confined. Isolated regions of enhanced subsidence and air-glow emission have
been adequately simulated in steady state VI'GCM simnulations [Bougher and Borucki, 1994]
but the observed temporal variability has not yet been explained. In particular, these models
do not explain the presence of very dark regions juxtaposed with the brightest regions, or the
occasional appearance of airglow patterns that arc roughly ant icor related with those seen on
the previous day. These observations suggest that the O,airglow is being switched off, not
simply dispersed across the night side by increasing 10W-1CV C1 zona] winds or other dynamical
processes. Mechanisms that dramatically alter the day-side supply of thermospheric O atoms
might lead to large-scale reductions in the airglow brightness, but these processes arc not
likely to produce sharply defined features in the nightside airglow. Such features arc probably
produced by local chemical or dynamical processes onthe night side.

One possibility is that the rapid subsidence associated with bright airglow emission regions
may produce adiabatic (compressional) heating. If the compressional heating rates exceed
the radiative cooling rates, this process will increase the local static stability and interfere
with the subsidence. This could cause a rapid reduct ion in the emission, producing a dark
region. The subsidence will then shift to another region of the planet until the heated region
recovers. Radiative relaxation times at 90-- 100km arc about 1day [Crisp 1989], comparable
to the time scales of the observed airglow variability.

in principle, it should be possible to test this hypothesis by monitoring the temperatures
of bright, airglow emitting regions. The pressures at these altitudes arc sufficiently high
that the O,(a'A,) should be in rotational local thermodynamic equilibrium. The rotational
temperature of the O,molecules should therefore provide a good measure of the ambient
gas temperature. The rotational temperature of the O,(a'A,) can be obtained by measuring
the relative strengths of the lines in the far wings of the P and 1 & branches relative to the
Q-branch emission. We attempted to create spatially-resolved temperature maps using the
AAT/IRIS observations from July 1991. This analysis indicated that tlie bright spot near the
anti-solar point may have been somewhat warmer than the surrounding atmosphere, but the
S/N was not, sufficient to provide a definitive test of this mechanism [Meadows 1994]. High-
resolution, spatially-resolved spectra like those recently collected with the CFHT Imaging
FTS and the IRTF/CSHELL arc currently being analyzed to provideimproved estimates of
the correlation between airglow intensity and temperature. These results will be reported in
a subsequent paper.

5 Conclusions

Ground based imaging and spectroscopic observations of 1.269 pum 02 (a' A,) airglow emis-
sion, taken between 1990 and 1994, show disk- averaged airglow intensities that arc in excel-
lent agreement with those reported by Connces et al. [1979]. These new observations also
show dramatic spatial and temporal variations in the airglow from the night side of Venus,
with obscrved intensities varying from 1to ~ 20 MR. The brightest regions vary by more
than 20% on time scales of one hour, and can disappear entirely in less than one day. In
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addition, there is some cvidence for an anti-correlation in the airglow pattern observed on
consecutive days. Sharply-defined dark regions that show amost no airglow emission are
often found adj acent to the brightest regions.

To obtain accurate estimates of the emissionrates fromn the observed airglow intensities, we
derived factors to account for emission angle effects and the reflection from the underlying
clouds, We aso found that the self absorption by O, was completely negligible, and that CO,
is not a major source of extinction for the Oz airglow. Applying these correction factors to
our observations, we confirm that the observed airglow intensities correspond to nightside-
averaged emission rates exceeding 1 MR. These emission rates are far in excess of those
predicted by existing 1-dimensional steady state chemical models. Recent efforts to model
the dynamics of the Venus then-mosphcrc have provided some clues to the observed spatial
variations in the 0,airglow, but provide little direct insight into the temporal variability of
this emission, or the frequent juxtaposition of sharply-defined bright and dark regions. We
have proposed that these phenomena may be a consequence of localized heating, produced
in the subsiding branch of the SSAS circulation. This hypothesis will be tested by producing
gpatially resolved rotational temperature maps of the 0,airglow cinission and searching for
correlations between the observed airglow intensities and temperatures.
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